Aim To evaluate the effect of MTA and Biodentine on viability, osteogenic differentiation and BMP-2 expression in osteogenic cells. Methodology Saos-2 cells were used as a model of osteoblastic cells. Overexpression of BMP-2 was induced by transfection of a CMV-driven plasmid construct including the human BMP-2 coding sequence, and stably transfected cells were selected. Cell viability was assessed by the mitochondrial dehydrogenase enzymatic (MTT) assay. The bioactivity of the materials was evaluated by the alkaline phosphatase (ALP) assay and detection of calcium deposits with alizarin red staining (ARS). The gene expression of BMP-2 and ALP was quantified with real-time PCR. Statistical analysis was performed with analysis of variance and Bonferroni or Tukey post-test (a = 0.05). Results Viability tests revealed that MTA and Biodentine were not cytotoxic at the higher dilution (1 : 8) to BMP-2-transfected cells. MTA and Biodentine exhibited the highest ALP activity when compared to the Saos-BMP-2-unexposed control group (P < 0.05). Cell exposure to Biodentine and MTA had a significant stimulatory effect on the formation of mineralized nodules (P < 0.05). The highest increase in BMP-2 gene expression was observed after 3 days of BMP-2-transfected cells exposure to MTA and Biodentine in non-osteogenic medium in relation to Saos-BMP-2-unexposed control cells (P < 0.05). Exposure of cells to MTA in osteogenic medium for 1 day increased ALP gene expression by approximately 1.3-fold in relation to Saos-BMP-2-unexposed control cells (P < 0.05). Conclusions Both MTA and Biodentine showed biocompatibility and bioactivity in Saos-BMP-2 overexpressing cells. Biodentine had a significantly greater effect on mineralization than MTA. Both MTA and Biodentine enhanced BMP-2 mRNA expression in the transfected system. Both MTA and Biodentine are suitable materials to improve osteoblastic cell mineralization.
Introduction
Mineral trioxide aggregate (MTA) can be considered a bioactive material because of its ability to promote extracellular matrix mineralization (Min et al. 2008 , Gandolfi et al. 2010 . MTA is composed of Portland cement, with the addition of bismuth oxide to promote radiopacity (Torabinejad & White 1995) . Several tricalcium silicate-based cements, such as Biodentine (Septodont, Saint-Maur-des-Foss es, France), have been developed recently. The liquid used for mixing the cement powder in Biodentine consists of calcium chloride and a hydrosoluble polymer. Biodentine is reported to be less porous than MTA and has been reported to be a biocompatible material (Han & Okiji 2011) . Biodentine significantly increased TGF-b1 secretion from pulp cells and induced early dental mineralization (Laurent et al. 2012) .
The BMP-2 homodimeric protein is a cytokine that plays an important role in proliferation, development and control of cell differentiation (Scheufler et al. 1999 , Suto et al. 2013 . The differentiation process of osteoblasts is regulated by cytokines, including bone morphogenetic proteins (BMPs) and their associated signalling molecules (Shi & Massague 2003 , Laflame et al. 2010 . Most BMPs, particularly the BMP-2, are expressed in very low concentrations by mammalian osteoblastic cell types in vitro (Israel et al. 1992 , Anderson et al. 2002 . A previous study showed that the osteoblast knockout of BMP-2 reduced bone size and altered mechanical properties at the whole-bone and material levels (McBride et al. 2014) .
Human osteosarcoma cell line Saos-2 is an osteoblastic cell line that expresses high levels of tissue ALP activity (Murray et al. 1987 ). These cells have been shown to produce and secrete bone-inducing agents (Mitsui et al. 2006) . Moreover, this cell lineage is widely used to test new dental materials for assessing their bioactive potential (Gandolfi et al. 2008 , Salles et al. 2012 . Saos-2 cells have already been successfully used as a transfection model with the parathyroid hormone (PTH)/PTH-related protein receptor gene to investigate osteoclast differentiation (Matsuzaki et al. 1999 ). An advantage in using a transfected system is to detect the importance of the target protein in cell differentiation, metabolism and tissue regeneration, particularly when the protein of interest is expressed at low levels. It can be hypothesized that BMP-2 overexpression makes Saos-2 cells more prone to osteogenic differentiation, which allows a less restricted assessment of the biological effect of the tested materials.
The goal of this study was to develop a system for in vitro assessment and comparison of osteogenic activity of the dental biomaterials MTA and Biodentine, using Saos-2 cells overexpressing BMP-2 as a transgene. This system may be used to study and improve new formulations of biomaterials and root repair materials. The null hypothesis is that MTA and Biodentine do not stimulate overexpression of BMP-2 in transfected human osteoblastic cells.
Material and methods

Cell culture and transfection
Cells were cultured in DMEM (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% of foetal bovine serum, penicillin (100 IU mL À1 ), streptomycin (100 lg mL
À1
) and under 5% CO 2 in 95% humidified atmosphere at 37°C until confluency. For the osteoinductive assays, the same medium supplemented with 50 lg mL À1 L-ascorbic acid and 10 mmol L À1 b-glycerophosphate (Sigma-Aldrich, St.
Louis, MO, USA) was used. A gene sequence encoding the bone morphogenetic protein BMP-2 was synthesized (Epoch Life Science, Missouri, TX, USA) and cloned into the eukaryotic expression vector pcDNA3.1 (+) (Invitrogen, Carlsbad, CA, USA). The transfection of Saos-2 cells was performed using the liposome method and Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). 1x10 5 cells mL À1 were plated in the wells of a 6-well plate 24 h prior to the transfection. Briefly, cells with 80% confluence were transfected with 10 lg of the construct plasmid (~20 lL plasmid and 20 lL Lipofectamine were mixed and the total reaction volume was made up to 100 lL of DMEM without serum foetal bovine) according to the manufacturer's instructions. Selection was initiated 48 h after transfection by adding G418 (Sigma-Aldrich) at 700 lg mL À1 . The selection medium was changed every 48 h for 3 weeks until colonies appeared. Cell clones were isolated and expanded for further characterization.
PCR and western blotting analysis Cycler (Bio-Rad, Hercules, CA, USA) with 0.2 U of TaqDNA polymerase (Fermentas, Thermo Fisher), according to manufacturer's conditions. The samples were subjected to 2-min denaturation at 95°C followed by 34 cycles of 95°C for 1 min, annealing at 50°C for 1.5 min and extension at 72°C for 2 min. To perform the Western blotting experiment, the cell sample extracts were separated in a 10% SDS-PAGE and transferred to nitrocellulose membrane with Trans-Blot Transfer Cell (Bio-Rad) for 1 h at 40 mA. The blots were exposed to anti-hBMP-2 and anti-hGAPDH antibody (Sigma-Aldrich) produced in rabbit, at 1 : 500 dilutions. Furthermore, the membrane was developed using goat anti-rabbit IgG (Sigma-Aldrich), HRP linked (1 : 1000) as a secondary antibody incubated for 2 h. The reacting bands were detected with a chemiluminescent Western blotting kit (Pierce, Thermo Fisher Scientific).
Preparation of material extracts
Two materials were tested: MTA Angelus (Angelus, Londrina, PR, Brazil) and Biodentine (Septodont, Saint-Maur-des-Foss es, France). MTA and Biodentine root repair materials were prepared according to the manufacturer's recommendation. The Biodentine required a mechanical mixing for 30 s. The materials were placed in empty wells of 12-well cell culture plates for 15 h at 95% humidity, 5% CO 2 , 37°C for the complete set of the materials and subsequently exposed to UV light for 30 min. Furthermore, to prepare the experimental extracts, 5 mL of DMEM was added to each well followed by a new incubation for 24 h to prepare the experimental extracts. All extracts were further diluted at 1 : 2, 1 : 4 and 1 : 8 (v : v) in DMEM for the cell cultures. Due to the MTT results, the extract dilution selected for the subsequent analysis was 1 : 8.
Cell viability
The cell viability rate was determined by the mitochondrial dehydrogenase enzymatic (MTT) assay. For this experiment, 7 9 10 4 cells mL À1 were plated in each well of a 96-well plate. Cells were exposed to the cement extracts for 24 h (unexposed cells were the control group), and then the culture medium was changed to DMEM containing 0.55 mg mL À1 MTT.
The optical density (OD = 570 nm) was measured using an automated microplate reader. Three independent experiments were performed in sextuplicate for each experimental group and outcome (n = 3/ group).
Alkaline phosphatase
Alkaline phosphatase (ALP) activity was evaluated using a commercial kit (Labtest, Lagoa Santa, MG, Brazil). 7 9 10 4 cells mL À1 were plated in each well of a 96-well plate and exposed to the cement extracts (1 : 8 dilution) for 1, 3 and 7 days. Absorbance was spectrophotometrically measured at 590 nm. To verify the possibility of phosphatase activity variation, the same cement extract and dilution were tested in osteogenic medium as well. Three independent experiments were performed in sextuplicate for each experimental group and outcome (n = 3/group). Data were expressed as ALP activity normalized with the number of viable cells at the respective culture period (Salles et al. 2012) .
Alizarin red staining (ARS)
Saos-2-transfected cells (1 9 10 4 cells mL
À1
) were plated in each well of a 12-well plate. After 21 days of cell culture in osteogenic medium with and without the cement extracts (1 : 8 dilution), cells were washed with PBS, fixed with 10% paraformaldehyde (Sigma) and then stained with 2% alizarin red S (pH 4.1). Identical triplicates were prepared for each reaction, and the experiment was repeated three times independently (n = 3/group). Digital images were obtained from the wells and analysed with the program UTHSCSA Image Tool for Windows version 3.0 (San Antonio, TX, USA).
Quantitative real-time PCR (qPCR)
For this experiment, 7 9 10 4 cells mL À1 were plated in each well of a 6-well plate. After 1 and 3 days of exposure to the cement extracts (1 : 8 dilution), the total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA), according to the instructions provided by the supplier. The gene expression was analysed by qPCR (StepOne, Applied Biosystems, Life Technologies, Grand Island, NY, USA), using TaqMan chemistry and pre-designed primers and probe sets (Gene Expression Assays, Applied Biosystems). The primer/probe references are: bone morphogenetic protein-2, BMP-2 (Hs00154192_m1); alkaline phosphatase, ALP (Hs01029144_m1); and GAPDH (Hs02758991_g1; Applied Biosystems, Life technologies). Identical triplicates were prepared for each reaction, and the experiment was repeated for three independent times (n = 3/group). The levels of target gene expression for each sample group were calculated with the ΔΔCt method compared to the control, scramble unexposed cells.
Statistical analysis
The data were evaluated by one-way (for ARS experiment) with (ANOVA) Tukey's test and two-way analysis (ANOVA) followed by Bonferroni post-test for the other experiments. A level of significance of 5% was chosen to denote the difference between means. Data are presented as mean AE standard error of the mean.
Results
Clone selection (PCR and Western blotting)
PCR data confirmed that the amplification product was 1203 bp, similar to the BMP-2 gene construction expected for positive clone samples. The pcDNA 3.1 (+) empty vector-transfected cells did not present any amplification band corresponding to BMP-2 (Fig. 1a) . The Western blot data demonstrated low constitutive expression of BMP-2 and verified the overexpression of BMP-2 (44.7 kDa) by the stably transfected cells (Fig. 1a) .
Cell viability
Biodentine (Bio) was associated with reduced viability of Saos-2-transfected cells at the low dilutions (1 : 2 and 1 : 4) than of unexposed control cells (P < 0.05). However, cell viability was increased (Fig. 2a) in the higher dilution of cement extract (1 : 8) in relation to unexposed control cells (P < 0.05). The MTA groups had good viability rates at all dilutions tested, which was significantly higher at the 1 : 8 dilution, compared with the other groups (P < 0.05; Fig. 2a,b) . Therefore, the 1 : 8 dilutions were chosen as the standard for the subsequent experiments.
ALP activity
At 1 and 3 days, ALP activities for MTA and Biodentine groups were significantly increased in relation to the control group (unexposed cells; Fig. 3b ; P < 0.05). After 7 days of culture, MTA and Biodentine exhibited the highest ALP activity when compared to the control group, especially in BMP-2-transfected cells ( Fig. 3b ; P < 0.05). Biodentine and MTA in pcDNA 3.1 (+) empty vector-transfected cells also revealed greater ALP activity at 7 days of cells exposure to the cement extracts (P < 0.05), even though there was less bioactivity when compared to the BMP-2-transfected cells (Fig. 3d) .
A decrease in ALP activity was observed in BMP-2-transfected cells exposure in osteogenic medium for both materials, Biodentine and MTA ( Fig. 3f ; P < 0.05). A decrease in ALP activity also was observed in pcDNA 3.1 (+) empty vector-transfected cells at the same periods (Fig. 3h) for Biodentine and MTA (P < 0.05), with greater ALP activity to MTA after 7 days of cell exposure when compared to the unexposed control cells (P < 0.05).
Mineralization nodules
Cell exposure to Biodentine and MTA cement extracts for 21 days had a significant stimulatory effect on the formation of mineralized nodules ( Fig. 4a ; P < 0.05). The nodules in the Biodentine appeared more intensely stained than those formed in the MTA-exposed cells ( Fig. 4a ; P < 0.05). Statistical analysis of ARS data showed significant differences amongst the root repair materials (Fig. 4b) . BMP-2-transfected cells exposure to Biodentine cement extract resulted in a significant higher percentage of mineralized area when compared to the MTA and unexposed control cells ( Fig. 4b ; P < 0.05).
qPCR analysis
Exposure of BMP-2-transfected cells to Biodentine and MTA extracts for 1 day increased BMP-2 gene expression by 12.0 and 10.0 (Fig. 5a) , respectively, but at a lower level when compared to the BMP-2-transfected cells unexposed to the cements extracts (~16.0-fold increase; P < 0.05). In the control group (Saos-empty vector), the BMP-2 expression was lower than in the BMP-2-transfected cells for MTA (~0.35-fold decrease) and Biodentine (~1.2-fold decrease). On the same day, the osteogenic condition of the BMP-2 expression was stimulated to~66.0-and 40.0-fold increase for MTA and Biodentine, respectively, whilst in the BMP-2-transfected cells unexposed to the BMP-2 increase was 30.0-fold. At day 3, an increase was detected for all transcripts, especially for the BMP-2-transfected cells (Fig. 5b) . The highest BMP-2 gene expression was verified after 3 days of BMP-2-transfected cells being exposed to materials prepared with non-osteogenic medium, presenting 180.0-and 237.0-fold increases in expression for MTA and Biodentine, respectively (Fig. 5b) , compared to the BMP-2-unexposed cells (~81.0-fold increase). After 3 days in osteogenic medium, the BMP-2 mRNA expression in BMP-2-transfected cells also increased, showing 140.0-and 82.0-fold increases in expression for MTA and Biodentine, but the ALP transcript was only increased at the first day of MTA exposure in osteogenic conditions in BMP-2-transfected cells (~1.34-fold increase; Fig 5c) .
Discussion
In the present study, an in vitro system to assess the cytotoxicity and bioactivity of repair materials is proposed. A transfection method was used to stimulate the overexpression of BMP-2 in the context of the potential endodontic materials to induce mineralization in vitro. The osteoinductive ability of two calcium silicate-based cements was evaluated by exposing transgenic cultures of Saos-2 cells overexpressing BMP-2.
To first establish the dose-response and achieve the elute material concentration for further analysis, a MTT assay (ISO 10993-5 2009) was performed. The results demonstrated low viability rate for Saos-2 exposed to the highest concentrations of Biodentine (Lee et al. 2014 , Luo et al. 2014 , Gomes-Corn elio et al. 2017 . However, at the 1 : 8 dilution cells exposed to MTA and Biodentine showed high viability Figure 2 Cell viability rate (%) according to MTT assay in Saos-2 osteoblastic-transfected cells: (a) Saos-BMP-2 and (b) Saos-pcDNA 3.1 (+) empty vector, exposed to MTA, Biodentine (Bio) and culture medium used as control (C) in different dilutions (1 : 2, 1 : 4 and 1 : 8) for 24 h. Three independent experiments were performed in sextuplicate for each experimental group and outcome (n = 3/group). Bars with different letters represent significant difference between groups in each dilution. ANOVA, Bonferroni (P < 0.05). Figure 3 (a, c, e and g) Saos-2-transfected cells viability and (b, d, f and h) ALP activity evaluation after exposure to MTA and Biodentine (Bio) at 1 : 8 dilution and to culture medium (control) for 1, 3 and 7 days, respectively. Three independent experiments were performed in sextuplicate for each experimental group and outcome (n = 3/group). Bars with different letters represent significant difference between groups. ANOVA, Bonferroni C = cells exposed to non-osteogenic medium, CO = cells exposed to osteogenic medium. and better proliferation. The increase in cell viability observed in the Biodentine group at lower concentrations of the cement extracts was reported previously (Gomes-Corn elio et al. 2017). The present results were similar to a previous study, where periodontal ligament (PDL) fibroblasts exposure to MTA resulted in a significant increase in cell viability when compared to other root repair materials (i.e. Endosequence and Biodentine; Samyuktha et al. 2014) . Therefore, the 1 : 8 (lowest non-cytotoxic dilution) was the one chosen to assess the biological activity of these materials. It has been reported that materials more soluble than MTA had higher hydroxyl and calcium release (Vivan et al. 2010) . Biodentine was significantly more soluble than ProRoot MTA at all exposure times (1 min, 10 min, 1 h, 24 h, 72 h and 28 days) an in vitro study (Kaup et al. 2015) . Biodentine and Bioaggregate resulted in the formation of calcium silicate hydrate and calcium hydroxide, which was leached in solution, resulting in an alkaline pH (Grech et al. 2013) . In an in vivo analysis, it was reported that Biodentine had a higher number of inflammatory cells and interleukin-6 (IL-6)-immunolabelled cells in comparison with MTA at 7 and 15 days; however, this reaction revealed a gradual and significant reduction in the immunoexpression of IL-6, in the capsules adjacent to Biodentine from 7 to 60 days, reinforcing the concept that Biodentine is a biocompatible material (da Fonseca et al. 2016) .
ALP is a recognized marker expressed during the early maturation of osteoblasts, associated with the mineralization process (Lee et al. 2011) . In this study, ALP activity at the first and third days of exposure was stimulated at the same level in relation to the untreated cells and no cytotoxicity was observed for the cells that received an extra copy of the BMP-2 gene. After 7 days of culture, a higher ALP activity was observed in the MTA and Biodentine groups. Lee et al. (2014) reported ALP activity improvement at 7 days for Biodentine and MTA in C3H10T1/2 cells using ALP staining tests. Lee et al. (2014) showed a time-dependent bioactivity for the cement extracts. ANOVA, Bonferroni (P < 0.05). CO = cells exposed to osteogenic medium.
Cells exposed to the material extracts and prepared in the osteogenic medium only had increased ALP levels on the first day. After this period, a lower ALP activity was observed for all groups, including the control of both transfected cell systems. A reduction in ALP activity was reported for Biodentine and MTA compared to unexposed 3D-cultured dental pulp stem cells prepared with osteogenic medium after 7, 14 and 21 days (Widbiller et al. 2016) .
The increase in ALP activity was consistent with the significant high number of ARS-stained nodules observed in Saos-2, especially in BMP-2-transfected cells that had been exposed to Biodentine. Biodentine has been shown to induce mineralization nodules deposition (Gomes-Corn elio et al. 2017). MTA also induced calcium deposition, but at a lower level when compared to the Biodentine and control groups.
qPCR methodology was used to analyse the changes caused by the materials in transfected Saos-2 cells. An induced BMP-2 gene overexpression was rapidly detected on the first day of Saos-BMP-2-transfected cell exposure to the materials and control groups. Both materials, MTA and Biodentine, were highlighted by their ability to induce BMP-2 expression in both media tested. It is already known that MTA could induce BMP-2 gene expression and calcification in human periodontal ligament cells (HPLCs; Maeda et al. 2010) . However, the evaluation of Figure 5 mRNA expression levels of target genes in Saos-2-transfected cells exposed to MTA and Bio at 1 : 8 dilution and to culture medium (control) for 1 (a and c) and 3 days (b and d). Identical triplicates were prepared for each reaction, and the experiment was repeated three times independently (n = 3/group). Bars with different letters represent significant differences between groups. ANOVA, Bonferroni (P < 0.05). BMP-2 = bone morphogenetic protein-2 and ALP = alkaline phosphatase genes. C = cells exposed to non-osteogenic medium, CO = cells exposed to osteogenic medium.
BMP-2 mRNA expression in cells exposed to Biodentine has not been reported in the literature. The higher BMP-2 gene expression was verified with BMP-2-transfected cells exposed to materials prepared in an osteogenic medium. MTA was associated with a significant overexpression of BMP-2. This observation might be related to a possible cumulative effect between osteogenic factors from the medium and those released from the calcium silicate-based cements. After 1 day of MTA exposure prepared in osteogenic medium, ALP was expressed in Saos-BMP-2-transfected cells when compared to the unexposed cells. Elevated ALP activity (UI lg À1 DNA) was detected when a cross-linked gelatin-coating system was used to deliver bone morphogenetic protein-2 (BMP-2) in rat bone marrow stromal cells (BMCs) and mouse pluripotent (C3H10T1/2) cells (Raiche & Puleo 2004) . Other studies have shown that ALP mRNA expression was increased in fluoride-treated Saos-2 cells via BMP/Smads signalling pathway (Huo et al. 2013) . After 3 days, it was possible to identify a decrease in ALP mRNA expression for Saos-BMP-2-transfected cell exposed to MTA and Biodentine. In murine preosteoblastic clone cells (MC3T3-E1), ALP mRNA expression was decreased on days 3 and 7 in cells treated with MTA and enamel matrix derivative (ENM). In the same study, low ALP mRNA expression (1.0-fold) was also observed in cells exposed to MTA in combination with BMP-2 recombinant protein on day 3 (Jeong et al. 2014) . Thus, Biodentine was reported to down-regulate ALP mRNA expression in immortalized murine pulp cells (OD-21) in all periods evaluated (1-7 days; Zanini et al. 2012) .
Conclusion
Both MTA and Biodentine showed biocompatibility and bioactivity in Saos-BMP-2 overexpressing cells. Biodentine had a significantly greater effect on mineralization than MTA. Both MTA and Biodentine enhanced BMP-2 mRNA expression in the transfected system. MTA and Biodentine are suitable materials to enhance mineralization of osteoblastic cells.
